Indirect (IIP) and direct (DIP) immunoperoxidase assays were developed for the serological and histological diagnoses of herpesvirus infection in tortoises, respectively. A mouse monoclonal antibody (MAb HL1546), specific for the heavy chain of tortoise IgY, was used as the secondary antibody in the IIP assay. Rabbit polyclonal antisera raised against 2 sucrose gradient-purified tortoise herpesvirus isolates (HV4295/7R/ 95 and HV1976) were used as primary antibodies for the detection of herpesvirus antigen either in infected cell cultures or in formalin-fixed, paraffin-embedded tissues. The IIP and DIP assays could detect either the presence of anti-herpesvirus antibody in the plasma of exposed tortoises or the presence of herpesvirus antigen in infected tissues, respectively. Although the IIP test complements the enzyme-linked immunosorbent assay and the serum neutralization test already available for measuring herpesvirus-specific antibody in tortoises, the DIP test is useful for the histological diagnosis of herpesvirus infection in tortoises.
Since 1975, herpesvirus has been recognized as a pathogen in chelonians including freshwater turtles, marine turtles, and tortoises. [3] [4] [5] [6] 11, 12, [17] [18] [19] [20] [21] 26, 27, 29, 30, 34 During the late 1980s and in the 1990s, this virus was associated with a disease characterized by clinical signs of conjunctivitis, rhinitis, and stomatitis in captive Mediterranean tortoises (Testudo spp.) in Europe. 4, 5, 12, 21, 26, 27, 34 The lesions most commonly reported in infected tortoises were diphtheritic plaques on the surface of the tongue and pharynx. Using light microscopy, intranuclear inclusions have been seen in oral lesions, multiple visceral tissues, and brain. Both enzyme-linked immunosorbent assay (ELISA) 28 and serum neutralization (SN) 26 test have been developed to determine exposure of tortoises to this virus.
Immunoperoxidase assays have been used to identify both specific antibody and antigen. The indirect immunoperoxidase assay (IIP) has been used for the detection of antibodies against different pathogens including bovine herpesvirus 4, 38 arboviruses, 33 porcine reproductive and respiratory syndrome, 16 Aujeszky's disease virus, 36 and green turtle fibropapilloma-associated herpesvirus. 13 The direct immunoperoxidase (DIP) assays have been widely used to detect the presence of specific antigen in formalin-fixed, paraffin-embedded tissues. 10 In reptiles, it has been developed for the detection of ophidian paramyxovirus in snakes. 15 From the Department of Small Animal Clinical Sciences (Origgi In this study, the application of IIP and DIP assays for detecting antibodies to herpesvirus and tortoise herpesvirus antigen in tissues and cell cultures, respectively, has been described. These tests will have application in diagnosing herpesvirus infection in captive and wild tortoises.
Materials and methods
Viruses. Purified tortoise herpesvirus isolates HV1976 and HV4295/7R/95 were used as antigens for infecting tissue cultures used in the DIP and IIP assays and for the production of 2 rabbit polyclonal antisera. HV1976 was isolated from a pet Hermann's tortoise that died in the US with clinical signs consistent with those seen in herpesvirus infection, 12, 18, 27 whereas HV4295/7R/95 was isolated from a pet Hermann's tortoise during a herpesvirus outbreak in a private collection in Germany. 26 Antigen preparation for rabbit and tortoises immunization. The 2 herpesvirus isolates were grown and expanded in terrapene heart cell (TH-1) a monolayers according to a protocol described elsewhere. 28 Infected cell suspensions were frozen at Ϫ80 C and thawed 3 times. The viral isolates were purified on 20-60% sucrose continuous gradients in TNE (100 mM Tris, 2 M NaCl, 10 mM EDTA; pH 7.4). Nine fractions of the sucrose gradient were harvested separately from the bottom of the tube. For each fraction, the purified virus was quantified, b titers were determined, 2,14 and viral purity was assessed using negative-staining electron microscopy (NEM). The theoretical amount of cell contamination in the preparation of the purified virus suspensions was assessed by similarly processing uninfected TH-1 cells a and determining the sucrose gradient fractions where cellular proteins were concentrated. Only those fractions identified as ''very low cell contaminated'' (richest in virus protein and most active in inducing cytopathic effect (CPE) in culture) were selected for the production of 2 rabbit polyclonal antisera and immune tortoise plasma ( Table 1 ). The buoy- 10 3.5 10 3.5 10 3.5 10 3.5 10 6 10 5.5 10 3.5 10 5.5 10 5 ancy values of the selected sucrose fractions were determined using a commercially available refractometer. c Hybridoma preparation. The mouse monoclonal antibody (MAb) specific for the Mediterranean tortoise IgY (heavy chain), 1, 9, 24, 37 designated HL1546, was produced according to standard hybridoma protocols at the University of Florida Hybridoma Core laboratory. 22, 25, 28, 32 MAb HL1546 was isotyped as immunoglobulin G1 using a mouse MAb-isotyping kit. d The HL1546 MAb was purified on a protein G affinity column e and biotinylated. f, 7 Tortoise and rabbit anti-herpesvirus antibodies. Plasma samples were obtained from 8 Mediterranean tortoises exhibiting clinical signs of herpesvirus infection and subsequently determined to be SN positive for exposure to tortoise herpesvirus. Plasma samples were pooled and were used as positive controls for the development of the IIP assay. One representative SN-negative plasma sample for exposure to tortoise herpesvirus, obtained from a clinically healthy tortoise, was selected as a negative control for the development of the IIP assay.
Additional tortoise plasma samples used as positive and negative controls were obtained from a group of 5 Greek tortoises (Testudo graeca). Four of them were alternatively infected with a viral suspension (HV4295/7R/95 or HV1976) intranasally (n ϭ 2) or intramuscularly (n ϭ 2). 28 Plasma samples obtained from these infected tortoises were SN and ELISA positive for the presence of anti-herpesvirus antibodies. Two pools of the immune tortoise plasma (anti-HV4295/ 7R/95 and anti-HV1976) were used as positive controls. An uninfected tortoise, which was negative by SN and ELISA, 28 served as a negative control. The plasmas were used to validate the IIP assay.
Rabbit antisera were raised against the herpesvirus isolates HV4295/7R/95 and HV1976 by a private company g according to an established protocol. 28 These antisera served as the primary antibodies in the DIP assay.
Plasma from immunized tortoises and rabbits were preabsorbed 3 times on uninfected TH-1 cells a to reduce nonspecific binding to cellular components.
Cell cultures. The IIP and DIP assays were evaluated using infected TH-1 cells. a Suspensions containing approximately 1.6 ϫ 10 5 cells in 5 ml of cell medium (DMEM/ F12) h supplemented with 5% fetal bovine serum (FBS), i gen-tamycin (60 mg/liter), i penicillin G (120,000 U/liter), i streptomycin (120,000 U/liter), i and amphotericin B (300 g/ liter), i were added to each chamber slide, j and incubated at ϩ28.0 C (5% CO 2 ). Cell monolayers were infected at confluency with virus at 10 5 TCID 50 . After areas of lysis and presence of syncytial cells were detected, chamber slides were fixed in ice-cold 10% buffered formalin for 30 seconds. Some of the slides also were permeabilized after fixation with Triton X-100 (PEG [9,10] p-t octylphenol). i, 8 Formalin-fixed, paraffin-embedded tissues. The IIP and DIP assays also were tested on formalin-fixed, paraffin-embedded glottis, trachea, and tongue of a Hermann's tortoise diagnosed with herpesvirus infection. These tissues were provided by a colleague in Germany (Karina Mathes [Klinik fuer kleine Haustiere Tieraerztliche Hochschule Hannover, Germany]). The selection of these tissue samples was based on the presence of numerous eosinophilic intranuclear inclusions consistent with those seen in herpesvirus infection. 12, 18, 27 Five-micrometer sections were obtained and adhered to slides pretreated with aminopropyltriethoxysilane. i Sections containing intranuclear inclusions were selected.
Immunoperoxidase procedures. Chamber slides of cell cultures and paraffin-embedded glottis, trachea, and tongue were used for both IIP and DIP assays. Slides were processed for immunoperoxidase staining using a modification of a previously reported method. 15 After rehydration, the slides of cell cultures and paraffin-embedded tissues were immersed in 3% hydrogen peroxide (H 2 O 2 ) to inhibit endogenous peroxide for 10 min (30-45 min for tissue sections). Slides were then blocked with normal horse serum j for 20 min in a moist chamber at room temperature.
In the IIP assay, after adding the primary serum (immune tortoise plasma at 1/50 dilution), the sections were incubated overnight at 4 C. After 3 washes of 10 min each using phosphate-buffered saline (PBS, pH 7.2), the secondary antibody (mouse MAb supernatant [HL1546] at 1/50 dilution in blocking solution) was applied to the slides and incubated in a moist chamber for 45-60 min at room temperature.
After 3 successive washes in PBS, the biotinylated antibody (20 l universal biotinylated k in 1 ml of PBS) was added, and the slides were incubated for 45-60 min in a moist chamber at room temperature. The slides were then washed 3 additional times (10 min each) in PBS and the avidin-biotin-peroxidase (ABC) k solution was added to the sections (20 l of ABC in 1 ml of PBS). After incubating the slides in a moist chamber for 45-60 min at room temperature, they were washed 3 times in PBS. Antigen detection was completed by adding diaminobenzidine i as a chromogen substrate (15 mg in 50 ml of PBS). The slides were counterstained with hematoxylin.
In the DIP assay, the primary antibodies used were 2 rabbit polyclonal antisera raised against the 2 herpesvirus isolates (HV4295/7R/95 and HV1976) at 1/400 (on paraffinembedded sections) or 1/150 (on cell cultures) working dilution. No other variations from the protocol described above for the IIP assay were adopted for the DIP assay.
For both DIP and IIP assays, brown staining was considered a positive reaction.
Cross-reactivity of tortoise and rabbit anti-herpesvirus antibodies. The cross-reactivity of the immune tortoise plasmas and the polyclonal rabbit antisera against the 2 herpesvirus isolates (HV4295/7R/95 and HV1976) was tested on TH-1 cells a infected either with the homologous or the heterologous herpesvirus isolate.
Results

Virus purification
Sucrose gradient fractionation was used to purify tortoise herpesvirus. The simultaneous presence of a high value of total protein concentration and a high level of viral activity in the same fraction was used to categorize the purity of the viral preparations. According to these parameters, fractions #4 and #5 of the HV4295/7R/95 and HV1976 preparations, respectively (Table 1) , appeared to contain the most pure amount of tortoise herpesvirus. NEM demonstrated the presence of a large number of virions associated with a limited amount of amorphous material (not viral) in these fractions. Although herpesvirus particles were seen in both fractions, the number of virus particles was more abundant in the HV1976 preparation than in the HV4295/7R/95 preparation (data not shown). This result was consistent with the difference in virus activity (titer) assessed for the 2 purified preparations ( Table 1) . Loss of viral envelope was observed in both sucrose gradient preparations. 23 The buoyancy values were equivalent to 1.15 and 1.18 gm/cm 3 for the HV4295/7R/95 (fraction #4) and HV1976 (fraction #5) preparations, respectively.
Immunoperoxidase staining
Indirect immunoperoxidase on TH-1 cells. a In the IIP format, positive staining occurred when both pooled SN-positive tortoise immune plasma and plasmas from tortoise immunized with herpesvirus were used as the source of primary antibody. No differences were noted. The inner ''cell crown'' formed by the contiguous cell membranes that surrounded the areas of cell lysis consistently had light to dark staining (Fig.   1A ). The staining faded in intensity from the center to the periphery of the lytic area. Infected cells usually had positive staining in the cytoplasm and nucleus. A few cells had positive staining confined to the cytoplasm. Treatment with cell detergent Triton X-100 i did not improve the staining. The cell membrane of the positive cells was always strongly positive.
The staining of the syncytial cells was more difficult to evaluate. The staining was never strong and showed only a light or very light-brown staining when ELISAand SN-positive tortoise plasma was used as the source of primary antibody. No difference in staining was seen when comparing the different immune tortoise plasmas.
No positive staining was detected when the ELISAand SN-negative tortoise plasmas were used as the source of primary antibodies (Fig. 1B) .
Indirect immunoperoxidase on formalin-fixed, paraffin-embedded tissues. Paraffin-embedded sections from formalin-fixed tissues showed the presence of intranuclear inclusions in the mucosal epithelium of the glottis, trachea, and tongue. Immunoperoxidase staining of these tissues using SN-and ELISA-positive tortoise immune plasmas as the primary antibody and the MAb HL1546 as the secondary antibody resulted in a positive signal along the mucosal surface of the glottis (Fig. 1C, 1E) , tongue, and trachea. The staining of the majority of the intranuclear inclusions was similar to that of the infected tissue culture (Fig. 1C) .
No positives were obtained when seronegative tortoise plasma was used as a primary antibody or when the MAb HL1546 was used on a positive tissue without first using positive tortoise plasma as the primary antibody ( Fig. 1D, 1F) .
Direct immunoperoxidase staining of TH-1 cells. a Positive staining of infected TH-1 cells a on chamber slides was seen on using the 2 rabbit polyclonal antisera. No differences were noted between the 2 antisera. The positive staining obtained with the rabbit polyclonal antisera was consistently lighter than that observed when using the immune tortoise plasma samples (primary antibody). Indeed, when using the rabbit polyclonal antisera, a ''gold-like,'' lighter, more granular stain was observed on infected TH-1 cells a (Fig.  1A, 2A ) than when using tortoise immune plasma. Nuclei and cytoplasm of the infected cells that clustered around the areas of lysis were uniformly stained.
No positive staining occurred in infected cell cultures when preimmune rabbit sera were used as primary sera (Fig. 2B) .
Direct immunoperoxidase on formalin-fixed, paraffin-embedded tissues using the rabbit polyclonal antisera. Some differences were observed when rabbit polyclonal antisera were used instead of the tortoise immune plasma and MAb HL1546. Compared with Immunoperoxidase for tortoise herpesvirus the immune tortoise plasma, the rabbit polyclonal antisera did not stain the intranuclear viral inclusions (Fig. 2C, 2E ). Only the cytoplasm of the cells containing the viral inclusions was consistently stained.
When the preimmune rabbit sera were used as primary sera, no positive stain was observed in infected tissue (Fig. 2D, 2F) .
Discussion
This study showed that IIP and DIP assays can be used to detect exposure to (IIP) and infection with (IIP and DIP) herpesvirus in tortoises. The IIP assay offers a higher versatility than do SN and ELISA, serologic tests that are already available for determining exposure of tortoises to herpesvirus. The IIP test can be used either for assessing the presence of anti-herpesvirus antibody in tortoise plasma or for detecting herpesvirus antigen in tissues. When used for measuring anti-herpesvirus antibody, either cell monolayers infected with tortoise herpesvirus or tissues from known infected tortoises need to be used. In this test, mouse anti-tortoise immunoglobulin was produced (HL1546) and was used as the primary antibody in the assay. The serological diagnosis of exposure to herpesvirus in tortoises using ELISA or SN is made exclusively on the basis of the intensity of a colorimetric reaction or the successful inhibition of viral growth in culture, respectively. In contrast, the IIP assay is designed to determine the presence of specific antibody by direct observation of a positive staining reaction in either herpesvirus-infected cells in culture or infected tissues. Because of this, it can be used to either replace or complement SN test or ELISA.
The DIP assay was developed to determine the presence of herpesvirus antigen either in cells being used to screen for the presence of this virus in infected tissues or in tissues from a suspect tortoise. Despite being less versatile than the IIP assay, this assay offers the advantage of a less laborious procedure because it does not require a tertiary antibody. Furthermore, it offers the same ''complementary'' activity described above for the IIP assay (when used with SN and ELISA).
A critical advantage offered by both the IIP and DIP assays over SN and ELISA is the possibility of being used for both antemortem and postmortem diagnoses of herpesvirus infection. In making an antemortem diagnosis, plasma or tissue biopsies (oral lesions if present) can be collected and tested for the presence of both anti-herpesvirus antibody and antigen using the IIP or DIP assay. Seroconversion against herpesvirus in tortoises requires at least 4 weeks to be detected by ELISA and 2-5 weeks more to be detected by SN. 28 Because of this, antibody is not measurable in the early stages of infection. However, antigen is present, and this can be demonstrated using either the IIP or DIP assay.
Both IIP and DIP assays also can be used to determine the presence of herpesvirus antigen in postmortem material. Herpesvirus has been reported in a variety of tissues in infected tortoises, [11] [12] [13] [17] [18] [19] 27 and the IIP and DIP assays can be used to specifically identify antigens than conventional staining techniques for paraffin-embedded tissues such as hematoxylin and eosin (HE). Although the presence of eosinophilic intranuclear inclusions in HE-stained tissue sections may suggest infection with herpesvirus, the IIP and DIP assays can be used to make a more specific diagnosis.
A disadvantage of both the IIP and DIP assays is the operator-dependent interpretation of the test. In contrast, this bias is absent in other diagnostic tests such as ELISA, where a numeric cut-off value is established for each test. Compared with ELISA, the IIP and DIP assays require a more laborious procedure, involving the preparation of infected cell monolayers or paraffin-embedded sections as substrates in the tests. This is still more rapid than SN, which requires 10-14 days to be evaluated. 28 During the standardization of the IIP and DIP tests, similarities and differences in the staining activity when using tortoise immune plasmas and rabbit polyclonal antisera as primary antibodies were observed. No major differences were seen when both the rabbit polyclonal antisera and the tortoise immune plasma were used on infected TH-1 cells. However, when the 2 reagents were used to stain formalin-fixed, paraffinembedded tissues, the tortoise immune plasma stained the herpesvirus antigen present in the intranuclear inclusions of the infected cells, whereas rabbit polyclonal antisera did not stain these inclusions. Several factors might account for this result. First, because the tortoise is the natural host of this herpesvirus and the rabbit is not, it is possible that the virus in tortoises compared with rabbits may have elicited a greater production of antibodies directed against the viral antigens present in the intranuclear inclusions. Second, tortoise antibodies may have had a stronger affinity to the her-Immunoperoxidase for tortoise herpesvirus pesvirus antigens compared with rabbit antibodies. The different distribution of the positive staining obtained with the rabbit polyclonal antisera on infected cell cultures (cytoplasm and nuclei) from that obtained on formalin-fixed, paraffin-embedded tissue (cytoplasm only) might be a consequence of a difference in viral distribution in these 2 different substrates. The presence of a population of more heterogeneously infected cells in tissue culture than in the paraffin sections might have led to the expression of many different viral antigens in the infected cells at the same time. This may have been critical for the recognition of viral antigens by the rabbit polyclonal antisera on formalinfixed, paraffin-embedded tissues. Additionally, the fixing procedure followed for the different samples might have played a role in the unmasking of viral antigens. 35 This treatment might have impaired the ability of rabbit polyclonal antisera to recognize viral antigens compared with tortoise immune plasma to a greater degree. The complete cross-reactivity observed against both viruses by tortoise and rabbit anti-herpesvirus antibodies was consistent with that already observed in other serological test formats such as ELISA and SN. 28 The success of this study was dependent on the development of an effective protocol for tortoise herpesvirus purification. New information about the physical and biological characteristics of this poorly investigated herpesvirus could be obtained concurrently. The 2 tortoise herpesvirus isolates showed a similar pattern of distribution in sucrose gradients and similar buoyancy values, 31 suggesting close structural and physical properties. The difference in titers assessed for the 2 viral preparations (HV1976 and the HV4295/7R/95) used in this study may have been affected by the method used to evaluate the level of the viral activity. Viral titer determination was based on the infectious properties of virions present in each fraction of the sucrose gradients (CPE). All noninfectious viral particles present in the same fractions were excluded from the computation. Thus, the presence of a high amount of defective virions (not inducing CPE) would have accounted for a high value of total (viral) protein but for a low level of viral activity (Table 1) .
Several factors that may have accounted for the highest level of viral activity did not coincide with the highest value of total (viral) protein detected for the different sucrose fractions of the 2 viral preparations (HV1976 and the HV4295/7R/95). First, slight differ-ences in the replication cycle in cell culture may partially explain this finding. Second, differences in the adaptation of the 2 isolates to the TH-1 cells a might have had an affect.
In conclusion, it has been shown that the IIP and DIP assays can be used for serological and histological diagnoses of herpesvirus infection. Their unique characteristics allow them to be used independently or complementary to the existing ELISA and SN test.
